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Review of Min et al. (http: //www.jneurosci.org/cgi/content/full/26/6/1880) Within hours after an acute brain injury such as a stroke, the brain mounts an inflammatory response involving activation of local microglia/astrocytes and infiltration of macrophages from circulation. The inflammatory process is a doubleedged sword, because increased production of reactive oxygen and nitrogen species (ROS/RNS) by immune cells can cause secondary damage up to weeks after injury, yet the subsequent remodeling of brain tissue requires the efficient containment and removal of dead tissue. The recent paper by Min et al. (2006) in The Journal of Neuroscience furthers our understanding of how the brain intrinsically controls inflammation during injury, providing important clues on how damage caused by inflammation can be minimized while beneficial effects are maximized.
Microglia are resident immune cells of the brain and an important component of the brain inflammatory response. In previous studies, the authors demonstrated that microglial activation could be regulated by the oxidative state of the cell. Exposure to inflammatory cytokines, for example, increased intracellular ROS/RNS production and shifted microglia to an activated state. Conversely, application of antioxidants suppressed this effect. In the current study, they show that soluble astrocytederived factor(s) can induce antioxidant gene expression in microglia in vitro and thus modulate microglial redox status and activation state. The authors hypothesize that this astrocyte-microglial interaction could contribute to regulation of brain inflammation in vivo.
To examine whether a soluble factor(s) released from astrocytes modulates microglia ROS/RNS production, the authors harvested culture media previously incubated with confluent astrocyte cultures for 3 d [astrocyteconditioned media (ACM)]. Separate microglial cultures were then pretreated with ACM, before exposure to H 2 O 2 , a reactive molecule capable of generating ROS. Microglial ROS production was significantly reduced with ACM pretreatment (6 -12 h) [Min et al. (2006) , their Fig. 1D (http://www.jneurosci. org/cgi/content/full/26/6/1880/F1)]. It is important to note that the authors used serum-free culture media to collect ACM for 3 d. We suspect that astrocytes cultured for this period may be in an activated state, perhaps simulating activated astrocytes within an in vivo injury site.
ACM might exert its effect by increasing the expression of microglial antioxidant enzymes. Indeed, microglia treated with ACM show increased mRNA and protein expression of the heme-catabolizing enzyme, heme oxygenase-1 (HO-1) [Min et al. (2006) , their Fig. 2 A, B (http://www. jneurosci.org/cgi/content/full/26/6/1880/ F2)]. HO-1 activity may reduce microglial ROS production by generating biliverdin, that can be further reduced by biliverdin reductase to bilirubin, a potent antioxidant (Fig. 1 A) [Min et al. (2006) , their Fig. 2C (http://www.jneurosci.org/ cgi/content/full/26/6/1880/F2)]. Additionally, HO-1-dependent release of iron ions stimulates expression of ferritin, an iron-sequestering protein that can prevent conversion of H 2 O 2 to hydroxyl radical through the Fenton reaction. Importantly, HO-1 and ferritin are coregulated by the basic leucine zipper transcription factor Nrf2 (Alam et al., 1999; Kwak et al., 2001) .
Nrf2 reduces cellular oxidative load by coordinating global expression of genes involved in ROS scavenging, glutathione biosynthesis, detoxification of xenobiotics, and NADPH generation. Normally bound to Keap1 in the cytoplasm, Nrf2 translocates to the nucleus to initiate gene expression in response to oxidative stress or similar signals (Fig. 1 A) (Motohashi and Yamamoto, 2004) . Accordingly, the authors found that ACM stimulated nuclear translocation of Nrf2 in microglia [Min et al. (2006) , their Fig. 3A (http:// www.jneurosci.org/cgi/content/full/26/6/ 1880/F3)]. The Nrf2 transcription complex specifically recognizes a 51 bp DNA element, the antioxidant response ele-ment (ARE), located in the promotor of all Nrf2 gene targets. The mouse HO-1 gene promotor carries three such AREs (Alam et al., 1999) . The authors show that ACM augmented ARE-dependent gene expression in microglia using mobility shift assays and luciferase expression reporter assays driven by the mouse HO-1 promotor [Min et al. (2006) The authors hypothesize that ACMmediated Nrf2 activation suppresses the microglial inflammatory response. To test this idea, they used a more physiologically relevant stimulus, the proinflammatory cytokine, interferon-␥ (IFN-␥). Consistent with their hypothesis, ACM pretreatment attenuated IFN-␥-induced ROS/ RNS production and inducible nitric oxide synthase expression in microglia [Min et al. (2006) , their Fig. 5 (http://www. jneurosci.org/cgi/content/full/26/6/1880/ F5)]. Exogenous bilirubin and FeSO 4 (an iron donor) mimicked the effect of ACM, and CORM (CO-releasing molecule) also partially mimicked ACM, suggesting that HO-1 activity may be sufficient to explain their findings [Min et al. (2006), their Fig. 6 (http://www.jneurosci.org/cgi/content/ full/26/6/1880/F6)]. However, other Nrf2-regulated pathways have not been ruled out (Fig. 1A) . In fact, it is conceivable that microglial redox state is effectively controlled by the coordinated action of multiple Nrf2-regulated antioxidant enzymes (i.e., superoxide dismutase and glutathione production enzymes) rather than HO-1 alone (Shih et al., 2003) . Chemical inhibition or siRNA knock-down of HO-1 would help solve this question.
To identify the Nrf2-inducing factor found in ACM, the authors narrowed down the possibilities by showing that the molecule is heat labile and smaller than 3 kDa [Min et al. (2006) Microglial inflammatory responses are essential to the wound repair process but also mediate collateral damage of neighboring cells by releasing ROS/RNS. The conclusions of Min et al. (2006) are an important step toward understanding how this delicate process is controlled in the brain. Their results indicate that astrocytes can regulate microglial activity by stimulating their Nrf2-dependent antioxidant gene expression, perhaps providing a negative feedback response to titrate the inflammatory reaction induced by proinflammatory mediators (Fig. 1 B) . Min et al. (2006) are also among the first to demonstrate a role for Nrf2 in controlling inflammation in brain using in vitro preparations. However, Nrf2 activity may be an important pathway for regulation of inflammatory responses throughout the entire body. Notably, loss of Nrf2 function in vivo exacerbates inflammation in skin and lungs (Lee et al., 2005) . is normally localized to the cytoplasm, tethered to an actin-bound regulatory protein, Keap1. Increased oxidative stress directly modifies key sulfhydryl group interactions in the Nrf2-Keap1 complex allowing Nrf2 dissociation, nuclear translocation, and participation in a transcription complex with other small Maf proteins (Motohashi and Yamamoto, 2004) . Min et al. (2006) describe a soluble astrocyte-derived factor that promotes Nrf2 nuclear translocation. In addition to HO-1, Nrf2 regulates many other antioxidant enzymes including ferritin, glutathione synthesis enzymes, and the free radical scavenger superoxide dismutase (shown in shaded boxes). BVR, Biliverdin reductase. B, Resting microglia can be activated by exposure to the proinflammatory cytokine IFN-␥. Activation leads to an increased production of ROS/RNS and expression of iNOS. Astrocytes provide negative regulation by releasing an unidentified factor(s) that induces microglial Nrf2 activity and increases expression of antioxidant enzyme HO-1. The antioxidant products of HO-1 suppress ROS/RNS production and return microglia to the resting state.
